Here, we report laboratory experiments to investigate the threshold criteria for incipient sediment motion in the presence of oscillating-grid turbulence, with the bed slope inclined at angles between the horizontal and the repose limit for the sediment. A set of nine mono-disperse sediment types was used with size ranges normally associated with either the hydraulically-smooth or transitional regimes. Measurements of the (turbulent) fluid velocity field, in the region between the grid and bedform's surface, were obtained using two-dimensional particle imaging velocimetry. Statistical analysis of the velocity data showed that the turbulence had a anisotropic structure, due to the net transfer of energy from the normal to the tangential velocity components in the near-bed region, and that the fluctuations were dominant compared to the secondary mean flow. The sediment threshold criteria for horizontal bedforms were compared with, and found to be in good qualitative agreement with the standard Shields curve. For non-horizontal bedforms, the bed mobility was found to increase with increasing bed slope, and the threshold criteria were compared with previously-reported theoretical models, based on simple force-balance arguments. C 2013 American Institute of Physics. [http://dx
I. INTRODUCTION
Models used to estimate bedload-sediment-transport rates often rely on a prediction of the threshold (or critical) conditions required to induce incipient sediment motion. Since the seminal work of Shields, 1 (published in 1936) , practitioners have relied almost exclusively on some form of the Shields 1 diagram for estimating these threshold criteria in unidirectional flows: in essence, the Shields 1 diagram relates the threshold conditions for a grain of nominal diameter D to the dimensionless Shields 1 parameter τ c /(ρ s − ρ)gD, where ρ s and ρ are the densities of the sediment and fluid, respectively, and τ c is the critical bed shear stress. However, the results of Shields, 1 and many of the experimental studies [2] [3] [4] [5] that have since provided validation of the Shields 1 diagram, are based on data obtained using shallow-sloped, uniform steady channel flows. Under these idealised, statistically stationary conditions, the near-bed turbulent fluctuations that give rise to the hydrodynamic forces that induce sediment motion are correlated with the time-averaged mean flow speed. As a result, it is typical for standard sediment-transport models to be parameterised in terms of mean flow characteristics, such as the time-averaged mean bed shear stress, with the effects due to turbulent fluctuations considered implicitly.
However, naturally occurring flows are often neither uniform, nor statistically stationary, with the near-bed turbulence intensity varying significantly with bed position and time. Typical factors causing this non-uniformity and/or intermittency can include local variations in bed slope or bed geometry, 6, 7 obstacles within the flow, 8 and the presence or development of intermittent coherent vortex structures in the near-bed region. [9] [10] [11] [12] Under these conditions, the near-bed turbulence is no longer necessarily correlated with the mean flow characteristics, and so the parametric relations for sediment transport quantities, based on steady uniform flows, can often provide poor comparisons with experiment data. 8 As noted by Schmeeckle et al., 13 improvements in our understanding of the sediment transport process, in general, requires a detailed knowledge of how turbulent fluctuations in the near-bed region interact with and displace sediment grains. Attempts have been made to address this issue using novel experiments performed in steady channel flows: See, for example, the channel-flow experiments reported by Sumer et al. 8 who used an array of grids placed at different heights along the channel to vary the near-bed turbulence intensity. However, it is also necessary for researchers to consider different types of turbulent flow, with attention focussed on the role played by turbulent fluctuations. The experiments described in this article attempt to address this issue and report measurements of sediment threshold-criteria obtained in the presence of a class of stationary turbulence, which is effectively free of a mean flow, thereby allowing the affect of turbulent fluctuations to be considered in isolation.
The validity of the Shields 1 diagram is also restricted to horizontal or shallow-sloped bedforms, and comparatively few studies have examined how sediment threshold-criteria are affected by nonnegligible increases in bed slope. [See the meta analysis by Lamb et al. 14 for a broad overview of experimental studies focussed on bed-slope effects.] Previous theoretical studies, 14, 15 based on force-balance arguments, have derived models that predict a sediment bed's mobility increases with bed slope, due to the increased down-slope component of gravitational acceleration acting on the constituent sediment grains. Despite this, data from both field and laboratory studies have been reported that indicate the opposite trend, 14 suggesting that significant increases in bed slope act to stabilise the bed. Of course, when the bed slope in a open-channel flow becomes relatively steep, uniform flow conditions are difficult to achieve, and the flow is likely to become supercritical. Indeed, Lamb et al.
14 attribute the counter-intuitive measurements to how the structure of the nearbed turbulence in an open-channel flow is affected by the decrease in flow depth (h), and the corresponding increase in relative bed roughness z * /h, that occurs as the bed slope is increased (where, here, z * denotes the roughness length-scale). With this factor eliminated, experiment data have been reported that exhibit clear agreement with the increased-mobility trend predicted by the theory. 16, 17 The situation is even more complicated for the threshold conditions associated with oscillatory wave motions, where the near-bed mean flow exhibits notable periodic spatial and temporal accelerations and decelerations. In this case, the near-bed tangential flow can be characterised by the orbital diameter d = H/sinh (2π h/L) and the peak critical flow velocity u m = π d/T, where h is the mean water depth and H, L, and T denote, respectively, the amplitude, length, and period of the waves. It has been reported 18 that for grain sizes smaller than about 0.5 mm, the critical conditions are achieved while the boundary layer adjacent to the bed is laminar, in which case Komar and Miller 19 showed that the dimensionless shear stress ρu
1/2 . Conversely, for larger grain sizes the boundary layer is turbulent under critical conditions, and the corresponding threshold criteria can be determined using an empirical curve relating ρu
This paper reports the results of experiments to examine the threshold conditions for incipient sediment motion in the presence zero-mean-shear turbulence. Here, the turbulence is generated by a uniform grid made to oscillate with constant amplitude and frequency, with the spanwise plane of the grid above and always parallel to the bed surface. The turbulence produced in this way is characterised by fluctuations that are dominant compared to the mean flow, which allows the interaction between the sediment and near-bed turbulent fluctuations to be studied. This class of "zero-mean," statistically stationary turbulence, commonly referred to as oscillating-grid turbulence (OGT), has been used previously to study, for example, isotropic homogeneous turbulence, 20, 21 entrainment across a density interface, 22, 23 and particle suspensions and sedimentation. 24, 25 Previous studies using OGT have also reported measurements of threshold criteria for sediment transport. 26, 27 These studies considered a range of natural and artificial sediments, but did not account for (a) how the threshold criteria were affected by increases in bed-slope, or (b) how the presence of the bedform affected the statistical properties of the turbulence in the near-bed region. The experiments reported here address both of these factors. That is, measurements of thresholdcriteria were obtained for a range of bed slopes between the horizontal and the sediment's repose limit (typically 30
• ), and are compared with existing force-balance models derived to account for bed slope effects. In addition, time-resolved particle imaging velocimetry (PIV) was used to investigate how the statistical properties of the turbulence were affected by the presence of the sediment bed, with the threshold criteria analysed in terms of a modified critical Shields 1 parameter defined in terms of the near-bed root-mean-square (rms) velocity components.
The paper is set-out as follows. Section II describes the experiment apparatus, measurement techniques and how the OGT system was used to determine the threshold criteria. The results are given in Sec. III, and are compared with previously reported force-balance models. 16, 17 Final remarks and discussions are presented in Sec. IV.
II. EXPERIMENTS
A. Apparatus Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 128.243.38.2 On: Thu, 26 May a rigid inner frame and partially filled with water. The oscillating-grid mechanism consisted of a motor-driven flywheel attached to the top of the inner frame (see Fig. 1(a) ), used to drive a central shaft via a crank and linear bearing, which converted the rotary motion of the flywheel to vertical oscillatory motion of the drive shaft. The turbulence-generating grid was fixed (rigidly) to the base of the drive shaft and suspended centrally inside the tank (below the water free-surface) with the spanwise plane of the grid parallel to the tank base, and with a 2 mm clearance between the grid's perimeter and sidewalls of the tank.
The underside plan-view of the square, uniform grid is shown in Fig. 1(b) , and consisted of a 7 × 7 array of aluminum bars of square cross-section (1 cm × 1 cm) and length 35 cm, with a uniform mesh size M = 5 cm (giving a solidity of 36%). The design of the grid's end-condition was based on previous OGT studies, 28 and manufactured so that each tank sidewall acted as a plane of reflection-symmetry, which has been shown to lessen the Reynolds-stress gradients within the fluid, thereby inhibiting the presence of secondary mean circulations (see Fernando and De Silva 28 for a detailed discussion). The stroke (S) and oscillation frequency ( f ) of the grid were varied by altering, respectively, the flywheel radius and the rotation rate of the motor. [Note, here, the stroke S is defined as the amplitude of oscillation about the grid's mid position (see Fig. 1 ).] The experiments reported here used strokes of S = 2 cm and 4 cm, with the frequency f varied between 0.5 and 6 Hz. The height of the grid's mid-position above the tank base, henceforth denoted H, could be altered by changing the length of the drive shaft.
The focus of the experiments reported here was to examine how increases in bed slope affect the threshold criteria for incipient sediment motion in the presence of OGT. It was therefore necessary that the nature of the interaction between the turbulence and the sediment bed (which was formed as a shallow layer at the base of the tank) be similar for each bed slope. This was achieved by fixing the inner frame (containing the tank and oscillating-grid mechanism) on a horizontal axle held within a rigid outer frame. The inner frame could then be rotated about the axle to set the inclination angle, φ, of the tank (as shown in Fig. 1(a) ), while keeping the spanwise plane of the oscillating grid parallel to the tank base, and hence the surface of the sediment layer. Once set at the required inclination angle the inner frame was locked rigidly in position for the duration of the experiment. As shown in Fig. 1 , we henceforth let z denote the depth normal to the grid with z = 0 corresponding to the grid's mid position, and (x, y) the coordinates in the spanwise plane of the grid, relative to the grid's centre.
B. The statistical properties of isotropic OGT
Before describing the properties of the sediments and how the OGT system was used to determine the sediment threshold-criteria, we first present the results of a series of preliminary experiments to test the oscillating-grid mechanism and to compare the basic statistical properties of the turbulence produced with those reported in previous studies.
The statistical properties of OGT, in a homogeneous fluid, have been studied extensively using experimental apparatus similar to those described above. 21, 22, 28 Within certain design restrictions (viz., grid solidity less than 40%, oscillation frequency between 0.5 and 7 Hz, the grid end-condition designed so that each tank sidewall is a plane of reflection-symmetry), 28 it has been shown that a vertically oscillating horizontal grid produces statistically stationary, zero-mean turbulence that is horizontally homogeneous at depths beyond 2 to 3 mesh widths (M) below the grid's mid position. Under these conditions, it can be shown (see, for example, Sec. 5 of Hopfinger and Toly) 23 that the decay of the time-averaged root-mean-square (rms) horizontal velocity components (u, v), with depth z below the grid's mid position, can be expressed as
for z 2.5M, where C 1 > 0 is a dimensionless constant. The derivation of (1) requires the assumption that the integral length scale of the turbulence satisfies (for z 2.5M)
Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. where again C 2 > 0 is constant. [In this article, the integral length scale , following the approach adopted by Thompson and Turner, 22 was defined as the area under the auto-correlation function of the horizontal velocity component.] Data reported in a variety of previous OGT studies have been shown to be consistent with (1) and (2), where typically 0.25 ≤ C 1 ≤ 0.5 and C 2 = 0.1. 29 Moreover, previous studies have also shown that the turbulence generated by an oscillating grid is also effectively isotropic within the homogeneous region (i.e., z 2.5M), with measured values of the isotropy parameter, w/u, approximately constant with z and typically within the range 1.1 to 1.3, where w denotes the time-averaged rms vertical velocity component.
The statistical properties of the turbulence produced by the oscillating-grid mechanism described here were measured and compared with (1) and (2) . A series of test experiments was performed, each with the inner frame and tank vertical (φ = 0), with no sediment present in the tank, and with the grid's mid position set at height H = 25 cm = 5M, which ensured that the tank's base had no significant affect on the turbulence produced. Strokes of S = 2 cm and 4 cm were used, with the oscillation frequency f varied between 1 and 6 Hz.
Velocity measurements were obtained using two-dimensional planar PIV, applied in the vertical (x, z)-plane through the centre of the tank (at y = 0). Small, reflective, neutrally buoyant tracer particles were mixed thoroughly within the water volume, and illuminated using a narrow vertical light sheet directed through the tank's central plane. The motion of the tracer particles, advected by the turbulence, was recorded using a high-speed Dantec Nanosense MkIII digital camera (with 1280 × 1024 pixel resolution and frame rate set at 200 Hz), positioned to view horizontally through the transparent tank sidewall. In each case, the turbulence was allowed to become establish for a period of at least 5 min. prior to measurements being taken. Each of the digital images captured by the camera corresponded to a physical region of height 0 ≤ z ≤ H and width −W x W within the central mid-plane of the tank, where 2W = 0.6L and L = 35.4 cm is the internal tank width. Images were acquired for a period of 120 s, and measurements of the instantaneous velocity fields were calculated from these images at the end of each experiment using standard PIV software. Post processing of the images showed that mean and rms velocity components were essentially converged after time averaging over a period of at least 80 s.
Figures 2(a) and 2(b) show, respectively, the measured values of the spatially averaged horizontal rms velocity component, u , and integral length scale, , both plotted against depth z. [In Fig. 2(a) , the data have been plotted in dimensionless form according to equation (1) .] Here, the operator · denotes the spatial average over x, defined as
Both plots show data from five separate experiments, each represented by a different data symbol (see caption for details). Despite general scatter, the data shown in Fig. 2 are consistent with corresponding measurements reported in previous OGT studies, 21, 23, 28 and are well described by the relationships defined in Eqs. (1) and (2), which are also shown (solid lines) with C 1 = 0.34 and C 2 = 0.1. Corresponding measurements of the isotropy parameter, w / u , for each of the five data sets, were all approximately constant with depth (z 2.5M) and within the range 1.1−1.4, which again is consistent with data from previous studies. Similar test experiments were also performed with the tank inclined at angles between φ = 0
• and 30
• but, as expected, no discernible differences in the measured statistical properties of the turbulence were evident.
C. Sediment characteristics and measurements of threshold criteria
Here, we introduce the basic properties of the sediment types used in the experiments, and describe how the oscillating-grid mechanism was used to measure the threshold criteria for each.
Nine sediment types were used throughout, each consisting of near-spherical grains. Their basic properties are listed in Table I, (1) and (2) with C 1 = 0.34 and C 2 = 0.1. To avoid saturation, a single error bar has been included in each plot that is representative of the variability observed in all of the data shown.
number (Re p ) is here defined as
where g denotes gravitational acceleration and ν the kinematic viscosity of the fluid. For consistency, each sediment layer was formed in a square tray of depth 1 cm and width 33 cm, clamped in position at the base of the partially filled tank, which was initially set in the vertical position (φ = 0) and with the grid removed. The surface of the layer was prepared by carefully drawing a straight-edged scraper across the top rim of the tray, which produced a flat, close-packed bed of uniform depth 1 cm. The grid was then carefully reattached to the base of the drive shaft, taking care not to disturb the bedform. The bed slope could then be set by slowly tilting the inner frame (containing the tank and oscillating-grid mechanism) to the required angle φ, as shown in Fig. 1(a) . The bed slope is henceforth denoted by β ≡ tan φ. To ensure that the sediment bed did not slide on the smooth tray surface when tilted, the tray base was roughened by gluing a thin layer of type A sediment to its surface.
The experiments to determine the threshold criteria for each sediment type were performed at various bed slopes within the range 0 ≤ β < β r , where β r ≡ tan φ r and φ r denote the bed slope and bed angle at the repose limit. Note that, the repose angle (φ r ) for each sediment type was determined prior to the experiments using the tilting tank mechanism (with the grid and drive shaft removed), using a procedure similar to that described in Wiberg and Smith. 15 That is, with the sediment layer formed at the tank base and with the water quiescent, the tilt angle of the inner frame and tank were slowly increased from φ = 0 until the bedform started to become unstable and collapse down the tray. The corresponding measured values of φ r are shown in Table I , and are averages taken from several repeats (with typical variability of ±2
• ). To ensure that threshold conditions for each sediment type and bed slope could be induced with the grid oscillating within the operating range of frequencies (i.e., 0.5 to 6 Hz), each experiment was performed with the stroke fixed at S = 4 cm and with the grid's mid level (z = 0) at height H = 17 cm = 3.4M above the tank base. [Recall, in the preliminary test experiments described in Sec. II B, we used H = 25 cm = 5M.] Once the sediment layer had been formed at the tank base and the bed slope set, the grid oscillation frequency ( f ) was incrementally increased (from zero), each time allowing the turbulence produced to become established, until a "critical" frequency was reached at which point incipient grain motion was only just induced by the turbulence interacting with the surface of the sediment bed. To minimise errors associated with identifying the threshold conditions, the procedure described above was repeated several times (for each sediment type and bed slope), so that an average value for each critical frequency, f c , could be determined.
Once each critical frequency had been identified, measurements of the turbulence produced under these conditions, in the region between the grid and the sediment-layer surface, were obtained using the PIV set-up described above in Sec. II B. A typical set of spatially averaged rms velocity profiles obtained using this procedure are shown in Fig. 3 , where u c and w c have been plotted against ξ , which henceforth denotes height above and normal to the sediment-layer surface (see Fig. 1(a) ), and so here is shown on the vertical axis. Also, the c-subscript has been introduced to henceforth denote measurements obtained under critical (or threshold) conditions for incipient sediment motion. The normalising factors u 0 , w 0 , and 0 denote, respectively, the values of u c , w c , and c measured at depth z = 2.5M (i.e., ξ = 0.9M). Also, shown in Fig. 3 are corresponding measurements of the turbulence intensities U c / u c and W c / w c plotted against ξ , where U and W denote, respectively, the time-averaged mean tangential and normal velocity components.
It is clear from Figs. 3(a) and 3(b) that the presence of the sediment layer has a significant affect on the structure of the turbulence, leading to anisotropy in the near-bed region 0 < ξ/ 0 1. In particular, Fig. 3(b) shows that the normal rms velocity component, w c , decreases monotonically to zero at ξ = 0, due to the "blocking" effect induced by the presence of the sediment bed. In contrast, Fig. 3(a) shows that there is a notable increase observed in the tangential rms velocity component, u c , in the region 0 < ξ/ 0 1, which attains a peak value, henceforth denoted by û c , at around ξ / 0 = 0.3 to 0.5, but then decreases rapidly to zero (due to viscous effects), so that the no-slip condition is satisfied at ξ = 0.
The structure of the turbulence evident in Fig. 3 is a result of the inter-component energy transfer produced when turbulent eddies propagate towards, and impinge with, the sediment layer. 30, 31 That is, a fluid element cannot propagate through the bedform (i.e., blocking), and so an eddy moving towards the bed must turn and move parallel to the bed surface, resulting in a net transfer of energy from the normal velocity component to the tangential velocity components and, hence, in the observed peak in u c near the bed surface. Note that the level of inter-component energy transfer produced by the interaction is not controlled by the "blocking" (kinematic) boundary condition on the normal velocity component, but by the viscous (dynamic) boundary condition on the tangential velocity component (through energy dissipation). 31 In addition, Figs. 3(c) and 3(d) show that the presence of the sediment layer also results in a weak secondary flow, evident by the non-zero values of the tangential (U) and normal (W ) mean velocity components in the near-bed region. However, as shown, with U c / u c and W c / w c typically between 0.1 and 0.4, the fluctuations are always dominant compared to the mean components, and so will be the principal mechanism giving rise to sediment motion.
Under critical conditions for incipient motion, near-surface sediment grains are displaced, primarily, by the action of the hydrodynamic drag and lift forces induced across them by the tangential fluid velocity components close to the bed surface. It is standard, therefore, for sediment threshold criteria to be prescribed in terms of a characteristic scale for the critical bed shear stress, τ c , below which no sediment motion is induced. In the experiments described here, it was not possible to measure τ c directly. However, under the anisotropic conditions shown in Figs. 3(a) and 3(b) , we expect the critical bed shear stress to scale as τ c ∼ ρ û 2 c , where ρ denotes fluid density and, recall, û c is the peak value attained by u c in the near-bed region. [Note that, the approach taken in previous studies of sediment threshold-criteria in the presence of OGT, 26, 27 did not account for near-bed anisotropic conditions: In these studies, it was assumed that τ c ∼ ρu 2 , with u given by Eq. (1) (which, recall, is valid only for homogeneous conditions) evaluated at the depth z corresponding to the sediment layer's surface.] For the experiments described here, the threshold conditions, for each sediment type and bed slope β (with 0 ≤ β ≤ β r ), were here analysed in terms of a modified critical Shields 1 parameter (θ c, β ), defined as where the additional β-subscript is henceforth used to denote a quantity measured at a given bed slope β. The measured values of û c,β and θ c, β , for each sediment type and normalised bed slope β/β r , are presented in Table II . These data are now analysed and compared with force-balance models for threshold criteria, which account for bed-slope effects.
III. RESULTS
Previous studies have derived theoretical expressions to account for how increases in bed slope affect sediment threshold criteria. [15] [16] [17] These models are based on simple force-balance arguments applied to a sediment grain (assumed spherical) situated at the surface of the bedform, and exposed to the combined effects of (a) the hydrodynamic drag (F D ) and lift (F L ) forces that arise due to the local fluid flow over the grain, (b) the down-slope and normal components of the grain's submerged weight (W ), and (c) the frictional contact forces from adjacent sediment grains. Under these conditions, the criterion for incipient grain motion, on a sediment layer inclined at some angle φ (<φ r ) to the horizontal, can be written as (for example, see Chiew and Parker 16 )
where, recall, β r = tan φ r is the bed slope at the repose angle: That is, in the absence of flow (so that F D = 0, F L = 0) sediment motion occurs only when the bedform is inclined at the repose angle, φ = φ r . The hydrodynamic drag and lift forces in Eq. (6) are commonly expressed in terms of the critical bed shear stress, i.e., F D , F L ∼ D 2 50 τ c . However, the magnitude of τ c , and hence F D and F L , will also depend upon the relative roughness of the sediment layer. 15 That is, when the bedform is hydraulically rough (where, typically, D 50 3 mm in a steady channel flow over natural sediment), 14 the bed roughness inhibits the formation of a viscous sublayer, and so the surface sediment grains are exposed to the near-bed turbulence. For the flow considered in this article, we expect that, in this case, the peak values of the near-bed turbulence tangential to the bed surface to scale with û c,β , and the corresponding characteristic scale for the critical bed shear stress to be 
where θ c, 0 denotes the critical Shields 1 parameter when the bedform is horizontal (β = 0). [A detailed derivation of Eq. (7) can be found in Chiew and Parker 16 (Sec. 3), or Munro 17 (Sec. III B).] Alternatively, when the bedorm is hydraulically smooth, which for a steady channel flow over natural sediment typically corresponds to D 50 0.3 mm, 3 a laminar viscous sublayer forms in the fluid immediately above the bed surface, within which viscous stresses act to reduce the local fluid velocities over (and around) the exposed surface-grains. (Note that this criterion on the grain size for smooth bedforms is comparable to that reported for the threshold conditions in oscillatory flows with the boundary layer adjacent to the bed being laminar-namely that the grain size is less than 0.5 mm.) 19 For the flow considered here, following the arguments used by Munro, 17 we expect the viscous-sublayer thickness and the local peak scale for the tangential fluid velocity in this case to be, respectively, of the orders (ν/ û c,β ) and (D 50 û 2 c,β /ν), and for the corresponding critical bed shear stress to be
Hence, for the hydraulically smooth regime the corresponding condition takes the form
where, again, a detailed derivation can be found in Sec. III B of Munro. 17 Note that, for the experiments reported here, δ/D 50 was found to range between 0.3 and 1.2, where δ = ν/ û c,β denotes the characteristic thickness of the viscous sublayer. It is also worth noting that Eqs. (7) and (8) are consistent with the expected behaviour that θ c, β → θ c, 0 as (β, φ) → 0, and that θ c, β → 0 as (β, φ) → (β r , φ r ). Moreover, both formulae predict that the mobility of a bedform increases with bed slope. Comparing (7) and (8) also shows that the viscous damping associated with the formation of a viscous sublayer (when the bed is hydraulically smooth) acts as a stabilising influence to reduce the rate at which bed mobility increases with bed slope (in comparison to when the bedform is hydraulically rough). 17 Equations (7) and (8) suggest that, provided θ c, 0 is known or can be predicted (say, from the Shields 1 curve), then θ c, β , for bed slopes between 0 < β < β r , can be determined, in addition, from the geometric properties of the bedform (namely, β, β r , and cos φ). Hence, before comparing the (7) and (8), it is informative to first focus attention on the measurements of θ c, 0 , which for each of the nine sediments types used here are plotted in Fig. 4 against 
proposed by Brownlie, 5 and recall is based primarily on measurements taken in steady open channel flows. Note that, for hydraulically rough beds (typically Re p 500), Eq. (9) approaches a constant value of around 0.056, whereas for hydraulically smooth beds (Re p 80), the curve increases monotonically with decreasing Re p . The region between these two cases (for 80
Re p 500) is commonly referred to as the transition region (or transitional regime). Table II , where k is a scale factor which, in general, one would expect to be a function of Re p and the grid Reynolds number (Re = SMf/ν). However, the data in Fig. 4 suggest that the measured values of θ c, 0 , for the range of Re p considered here, exhibit a good degree of correspondence with Eq. (9) with a scale factor of k ≈ 0.5 (and constant).
We now focus attention on the measured values of θ c, β for bed slopes 0 < β < β r . First note that, from Eq. (5), we can write θ c,β /θ c,0 = û 2 c,β / û 2 c,0 , and so following the approach adopted by Chiew and Parker, 16 Eqs. (7) and (8) can be rewritten, respectively, as
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which correspond, respectively, to the hydraulically rough and hydraulically smooth regimes. Chiew and Parker 16 compared (a form of) Eq. (10) with measurements of threshold criteria taken in a steady turbulent flow within an inclined closed conduit, using five different sediment types with grain sizes in the range 0.5 mm to 2.7 mm (which correspond to hydraulically rough beds), and with the streamwise bed slope varied between 0 ≤ β/β r ≤ 0.85. They reported measured values of u * , c /u * , c, 0 , where u * ,c = √ τ c /ρ is the critical bed shear velocity (evaluated using a standard empirical formula), which were shown to be in very good agreement with the right-hand-side (rhs) of Eq. (10). Munro 17 also studied bed-slope affects on threshold criteria by examining the unsteady interaction between an isolated vortex ring and a planar sediment layer (in a body of water which was otherwise quiescent). The bed slope was varied between 0 ≤ β/β r ≤ 0.95, and a selection of artificial sediments were used with grain sizes ranging from 0.08 mm to 1.1 mm (corresponding to hydraulically smooth or transitional regimes). In this case, values ofû b,c /û b,c,0 were reported, wherê u b,c was taken to be the peak tangential flow speed measured adjacent to the bed surface during the interaction, and were found to exhibit a very good degree of correspondence with the rhs of Eq. (11) for the sediment layers consisting of grains with sizes less than 0.4 mm, and with the rhs of Eq. (10) for the larger sediment types. Unlike the data reported in Lamb et al.
14 -which, recall, were found to be affected by the decrease in flow depth that occurs in an open-channel flow when the channel slope is notably increased-the configurations used by Chiew and Parker 16 and Munro 17 allowed the fluid depth to remain fixed for all bed slopes and, as a result, their results exhibit a clear agreement with the trend of increased mobility with increasing bed slope, predicted by the theory. Likewise, the fluid depth was fixed in the configuration used in this study, and so a similar trend was anticipated. Figure 5 shows the measured values of û c,β / û c,0 (which, recall, are also given in Table II ) plotted against normalised bed slope β/β r . As in Fig. 4 , each sediment type is represented by a different data symbol (see caption for details). To promote straightforward comparison, the data have been plotted on the same semi-log-scale axes used by both Chiew and Parker 16 and Munro.
17
The theoretical relationships defined in Eqs. (10) and (11), which correspond, respectively, to the hydraulically rough and hydraulically smooth cases, are also shown, by the broken and solid lines, and have been evaluated using φ r = 29.4
• , which is the mean of the repose angles listed in Table II . Hence, here, one would expect the data to fall either on, or in the region between the two lines defined by Eqs. (10) and (11), as was the case for the data reported by Munro. 17 Despite the noticeable scatter evident within the data, Fig. 5 confirms that, for the nine sediment types considered here, the bed mobility is observed to increase with bed slope. Moreover, all data are generally in better correspondence with the rough-flow regime defined in Eq. (10) (broken line) or with the transitional region between Eqs. (10) and (11), in spite of the fact that sediment types E, F, G, and I (with D 50 0.3 mm) are traditionally associated with the hydraulically smooth regime. This is notably different from the data reported in Munro, 17 where the corresponding measurements of the normalised near-bed peak velocities (û b,c /û b,c,0 ) were in very good agreement with the rhs of (11) for those sediments with D 50 0.3 mm.
One possible reason for the trend observed in Fig. 5 is that the structure of the turbulence, which recall consists of dominant fluctuating components superimposed on a weaker, secondary mean flow (see Fig. 3 ), inhibits the formation of a "traditional" viscous-sublayer structure. Note, however, that this assertion is not supported by the data shown in Fig. 4 , where the monotonic increase in θ c, 0 with decreasing Re p suggests that the damping effect of viscous stresses, typically associated with the presence of a viscous sublayer, is evident for the smaller sediment types. However, as noted by Wiberg and Smith, 15 even if a viscous sublayer does form its structure is likely to be continually depressed (and expanded) by energetic turbulent eddies either present near the bed, or directly interacting with the bed. One would certainly expect this to be the case for the flow considered here. Indeed, energetic turbulent eddies (or, more precisely, coherent vortex structures) interacting with sediment layers in steady channel flows have been shown 9, 10 to cause significant localised disruption of the viscous sublayer, leading to notable increases in the magnitude of the local bed shear stress. Under such conditions, and even for a bedform normally associated with the hydraulically smooth regime, one might expect the conditions used to derive Eq. (10), rather than those used to derive Eq. (11), to be valid in these local "disrupted" regions.
IV. SUMMARY AND FINAL REMARKS
In this paper, we have reported measurements of sediment threshold criteria taken in the presence of oscillating-grid turbulence, using a set of nine mono-disperse artificial sediments with diameters ranging from 0.08 mm to 1.09 mm (size ranges normally associated with either hydraulically smooth beds or transitional flow). Attention was focussed on analysing how the threshold criteria were affected by increases in bed slope between 0 ≤ β ≤ β r . To achieve this, the apparatus were designed so that the oscillating-grid mechanism and sediment layer could be tilted simultaneously, so that the spanwise plane of the grid could be kept parallel to the sediment-layer surface. Time-resolved two-dimensional PIV was used to measure the fluid velocity field in the vertical mid-plane of the tank, in the region between the grid and the bedform's surface. Statistical analysis of the velocity data showed that (a) the mean flow components were secondary compared to the fluctuations, and that (b) the grid-generated turbulence had an anisotropic structure, due to the relative close proximity of the grid to the sediment layer. [This is notably different from most OGT studies where the grid is positioned so that tank base (or lid) has little influence on the flow, resulting in the production of quasi-isotropic turbulence within the bulk fluid.] In particular, it was shown that when the turbulence interacts with the bedform their is a net transfer of energy from the normal to the tangential velocity components, which gives rise to a peak in the tangential rms velocity component in the region just above the bed surface. The sediment threshold criteria were analysed in terms of a modified Shields 1 parameter, θ c, β , defined in terms of this near-bed peak tangential velocity scale.
Measurements of θ c, 0 (for horizontal bedforms) were plotted against Re p and compared with the standard Shields 1 curve. Although the data were a factor of two greater than the predicted values, there was clear qualitative agreement between the data trend and that predicted by the Shields 1/2 for each normalised bed slope β/β r with the theoretical models reported previously by Chiew and Parker 16 (for hydraulically rough beds) and Munro 17 (for hydraulically smooth beds). In all cases, the bed mobility was found to increase with bed slope. However, despite the fact that the grain sizes used here correspond to either the hydraulically smooth, or transitional regimes, the measured values of û c,β / û c,0 for each of the nine sediment types were, within general scatter, best described by the theoretical model based on the conditions for hydraulically rough beds (Eq. (10)). We believe this result is due to how turbulence interacting with a bedform can act to distort the structure of the viscous sublayer that may form adjacent to the bed surface. That is, an energetic eddy interacting with the bedform produces localised regions of intense vortical fluid immediately above the bed surface which may disrupt (or thin) the sublayer structure, exposing the local near surface sediment grains to increased drag and lift forces. Under such conditions, provided the interaction is sufficiently energetic, the local peak bed shear stress is likely to scale as ρ û 2 c,β which, recall, is the condition used in the derivation of Eq. (10). Further experimental study of the interaction between OGT and a sediment layer is currently ongoing. These experiments focus on two different aspects. First, a combination of two-dimensional PIV applied to the bed surface (using tracer grains within the sediment) 17 and laser Doppler velocimetry applied to the fluid, are being used to measure the correlation between the near-bed turbulence and the velocities of sediment grains brought into motion by the interaction. Second, a light attenuation technique 32 is being used to obtained accurate, spatially-resolved measurements of sediment erosion levels induced by OGT. These results will be reported subsequently.
